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Abstract 
Monitoring is essential to assess whether sequestered carbon dioxide (CO2) behaves as expected and whether unexpected 
migration or leakage occurs. A variety of monitoring techniques have been proposed and examined. Although those techniques 
provide useful information, such as CO2 migration and distribution, individual information yields only limited insight into CO2
behavior in geological reservoirs. To deepen our understanding of migration and containment of sequestered CO2, a monitoring 
framework must be established to comprehend the individual sources of information. This paper describes the monitoring 
framework that was applied to a test field of CO2 sequestration conducted at an onshore site in Nagaoka, Japan. The target aquifer 
was the early Pleistocene sandstone bed, around 60m thick and 1,100 m below the ground surface. During the 550-day injection 
period, around 10,000 tonnes of CO2 were sequestered. Three monitoring wells were completed around an injection well and 
several monitoring schemes, including pressure and temperature measurements, well logging, crosswell tomography, in-situ fluid 
sampling, were applied. Based on the monitoring results, meso-scale as well as macro-scale migration is examined and discussed.
This study addresses monitoring issues in an integrated framework, with emphasis on the importance of comprehensive analyses, 
since they can bridge the gap between the individual monitoring results. 
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1. Introduction 
Geological sequestration of carbon dioxide (CO2), one of the promising strategies for mitigating CO2 emissions, 
has attracted much attention among geoscientists and engineers. Geological reservoirs are believed to have 
substantial potential for sequestering CO2 for long periods [1,2]. For proper management of underground reservoirs, 
reliable monitoring is required. A variety of seismic and non-seismic methods have been proposed and examined for 
monitoring the underground distribution of CO2 [3-5]. The former includes (but is not limited to) time-lapse surface 
3D seismic surveying, vertical seismic profiling, crosswell tomography between pairs of wells, and passive seismic 
surveying, while the later includes electromagnetic imaging, gravity, tilting, and ground distortion measurements. 
Although those techniques provide useful information, such as CO2 migration and distribution, individual 
information yields only limited insight into CO2 behavior in an aquifer. To deepen our understanding of migration 
and containment of sequestered CO2, a monitoring framework must be established to comprehend the individual 
sources of information. This paper describes the monitoring framework that was applied to a test field of CO2
sequestration conducted at an onshore site in Nagaoka, Japan.  
2. Overview of Nagaoka CO2 sequestration project 
2.1. Geology and well arrangement 
The onshore aquifer utilized for the CO2 sequestration project is located in Nagaoka area, Niigata prefecture. 
Several oil and gas fields had been discovered and developed in the surrounding area, and the test site and the target 
formation were selected for the project based on the geological information gathered through exploration and 
production activities for more than 40 years. The selected formation was the early Pleistocene sandstone bed, around 
60m thick and 1,100 m below the ground surface. One injection well, IW-1, was drilled in 2000, and five intervals 
(45 m in total) from the aquifer and cap rock were cored. Through well testing, core analyses, and well logging, 
eight sub-intervals (Zone-1, 2a, 2b, 3a, 3b, 4, 5a and 5b) were identified within the aquifer formation. 
For monitoring purposes, three surrounding wells were planned. The location of individual wells was determined 
by referring preliminary reservoir simulation study to detect CO2 migration during the project period. Two 
observation wells OB-2 and OB-3 were drilled in 2001, and two intervals (18 m in total) were cored at OB-2. OB-2 
was located 40m away from IW-1 in the down-dip direction, while OB-3 was located 120m away in the up-dip 
direction. OB-2 and OB-3 were located so that the crosswell tomography between these wells covers the location of 
IW-1. The third observation well OB-4, drilled in 2002, was located 60m away in the up-dip direction. A suite of 
wireline logs can be run through these observation wells. In order for induction logging to work, FRP (fiberglass 
reinforced plastic) casing was deployed in the observation wells over the target sandstone formation and the cap 
rock intervals. For continuous pressure and temperature measurements, casing-conveyed gauges were set at the 
bottom depth of Zone-2b in the observation well OB-4. 
2.2. Petrophysics and fluid properties 
At a datum depth of 1,049 m, the original formation pressure is around 11.1 MPa and the formation temperature 
is 47.5Υ, which indicates that the injected CO2 is in the supercritical state.  Petrophysical parameters of each sub-
interval are shown in Table 1.  The porosity values in Table 2 were derived from log and core data, while the 
permeability values were first estimated from log and core data, and they were then confirmed by well testing at IW-
1.  Because it was not practical to test each sub-interval by separate well testing,  an average permeability of a group 
of sub-intervals were first determined by pressure build-up (PBU) analysis of well testing data,  and it was then split 
into each sub-interval based on CMR logging data to obtain an equal average permeability of the group determined 
by PBU analysis.  Zone-1 was considered to be very tight, and zero permeability was assumed for Zone-1. Zone-2a 
and zone 2b were found to be most porous and permeable, and CO2 injection from IW-1 was restricted to those two 
intervals to ensure CO2 arrival at OB-2 and OB-4 during the injection period.  Table 2.2 summarizes the results of 
water analysis of the original formation brine recovered at IW-1 and CHDT samples collected later at OB-2 during 
CO2 injection operations. CHDT sampling results will be detailed later in Section 3.4. 
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Table 2 Results of water analysis 
 Original 
Formation water 
CHDT@1,108.6m CHDT@1,118.0m 
EC S/m  1.40  1.03  2.39 
pH  7.9  6.1  6.35 
Salinity       
HCO3- mg/l  374  327  2,320 
SO42- mg/l  77  29  64 
Cl- mg/l  3,850  3,092  3,863 
Br- mg/l  -  510  2,620 
Na mg/l  1,940  1,907  5,483 
Mg mg/l  16  6.7  28.9 
K mg/l  385  190  241 
2.3. injection history 
For injection, 99.9% pure CO2 from by-product of ammonia production was delivered to the CO2 vessel at the 
test site by lorries in liquefied condition. Until March 9, 2004, the CO2 injection was continued at the principal rate 
of 20 t/day. After a fifty-day intermission of injection due to annual machinery inspection of the ammonia factory, 
CO2 injection was resumed on April 30, 2004 at the rate of 40 t/day after confirming a higher injectivity of the 
aquifer. The injection was completed on January 11, 2005 with the cumulative injection of 10,405 tonnes, while 
monitoring was continued till the end of 2007. Figure 1 shows the injection history and monitoring schemes. 
Figure 1 Injection history and monitoring schemes in the Nagaoka project 
3. Monitoring schemes 
3.1. Pressure and temperature measurements 
Continuous pressure and temperature measurements at the wellhead and the bottom-hole of the injection well 
IW-1 and at the bottom-hole of the observation well OB-4 have been conducted to get information of subsurface 
behavior of the injected CO2 and numerical data to control the injection operation. The observation result is shown 
in Figure 2. During the injection operation, the bottom-hole pressure values of IW-1 and OB-4 were changing 
FY2003 FY2004 FY2005 FY2006 FY2007
BLS
MS 1
MS 2
MS  3
MS  4
MS  5
MS  6
Pressure & Temperature  Measurement
Seismicity Observation
Well logging : 2 weeks to 1 month interval Several times per year
Fluid sampling
Dec., 2005
Seismic tomography
Table 1 Petrophysical parameters of Ic formation at IW-1 
Layer Thickness Porosity Permeability 
(m) (fraction) (md) 
Zone-1   -  - 
Zone-2a Upper  4.3  0.225  2.84 
 Lower  1.8  4.69 
Zone-2b Upper  1.8  11.76 
 Lowew  4.2  9.43 
Zone-3a  13.0  0.204  1.00 
Zone-3b  7.0  0.204  0.66 
Zone-4 & 5  25.0  0.234  0.46 
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according to the change of injection pressure. While the pressure of IW-1 was changing just after the injection 
change, the pressure of OB-4 was changing by 2-4 days delay and the fluctuation is smaller compared to that of IW-
1 because of the distance between IW-1 and OB-4. 
Figure 2 Bottom-hole pressure and temperature measurements at IW-1 and OB-4. 
3.2. Time-lapse analyses of Earth tides 
Because the solid Earth is an elastic body, it undergoes the Earth tide; elastic deformation induced by the 
gravitational attraction of the solar-system bodies. Pore pressure signals induced by the Earth tide were examined 
for continuous pressure data acquired at OB-4 and the pressure fluctuations are retrieved by an algorithm based on 
the cubic-spline interpolation and the least squares [6]. Figure 3 (left) shows the pressure fluctuation ǻp recovered 
from 132 to 139 days. Also shown is the cubic dilatation Ĭ, which is scaled to match the ǻp profile. Although the 
pressure fluctuation suffers from some degree of noise, the overall profile ofǻp is identical to that of Ĭ. From the 
scaling factor of Ĭ to ǻp, Ȥ is calculated to be 0.17 GPaí1. Figure 3 (center) compares ǻp and Ĭ from 387 to 394 
days. Note that the scale of Ĭ is different from the previous. The scaling factor of Ĭ to ǻp is larger and the 
calculated Ȥ value of 0.40 GPaí1 is higher than the previous value. The increase in Ȥ indicates the SCO2 increase 
around the observation well OB-4. 
Using the same procedure as above, the Ȥ values at the 13 intervals were evaluated. Figure 3 (right) shows the Ȥ
profile during the CO2 injection period. From the beginning of the injection up to 300 days, Ȥ is fairly constant at 
around 0.17 GPaí1, which is the representative value for SCO2=0. At around 340 days, a rapid increase in Ȥ is 
observed, which is a clear indication of the arrival of CO2 at OB-4. From 390 days to 540 days, Ȥ continues to 
increase due to the continuous increase in CO2, indicating the migration of CO2 toward OB-4. 
         
Figure 3 Bottom-hole pressure and temperature measurements at IW-1 and OB-4. 
2264 K. Sato et al. / Energy Procedia 1 (2009) 2261–2268
 Author name / Energy Procedia 00 (2008) 000–000  
3.3. Time-lapse well logging 
In the Nagaoka project, induction, neutron, and acoustic logs were employed and periodically conducted in the 
three observation wells (OB-2, OB-3 and OB-4) [7]. Prior to the CO2 injection, a suite of well logging was run on 
June 25, 2003 for baseline data gathering. Subsequently, 23 loggings during the injection period and 13 loggings 
during the post-injection period were conducted. At the 14th run (March 2004) for the observation well OB-2, 
notable changes in measurements were detected; at a depth of 1,116m, the resistivity increased from 5.0ohm-m to 
5.5ohm-m, compressional velocity decreased from 2.54km/sec to 1.86km/sec, and neutron porosity decreased from 
24% to 14%. These changes are attributed to the arrival of CO2 at OB-2, which is 40m away from the injector IW-1. 
At the observation well OB-4 (60m away from IW-1), the CO2 arrival was confirmed in July 2004 (the 18th run) at a 
depth of 1,091m. This is consistent with the result from the time-lapse analyses of Earth tides. As of December 2007, 
no indication of CO2 arrival was detected at the observation well OB-3 (120m away from IW-1). After the CO2
arrival at OB-2, the resistivity in the CO2 bearing zones (zones B and D in 4) showed moderate increase and that at 
1116m reached a maximum at 6.38 ohm-m in January 2006. Then, the resistivity started decreasing. At the final run 
in December 2007, the resistivity at 1116m was 5.6 ohm-m.  Meanwhile, in the upper (zone A) and lower zone 
(zone E), the resistivity had decreased constantly since the CO2 arrival. During the monitoring period, it decreased 
from 4.65 ohm-m to 4.20 ohm-m at 1118m.  
According to the result of the fullbore formation microimager (FMI) in open hole, several thin layers of high and 
low resistivity alternated above and below the CO2 bearing zone. These interbedded thin layers are considered to 
have acted as barriers to vertical CO2 flow and hence CO2 predominantly advanced in the horizontal direction. 
However, some CO2 dissolved in formation water is believed to have migrated into these thin layers and part of it 
was ionized into bicarbonate anions. This could be the reason for the decrease in resistivity in zones A and E. This 
decrease was recognized within several meters from the CO2 bearing zone, beyond which no change was observed 
by the repeated induction logs. The resistivity in the lower part of the CO2 bearing zone started to decrease at the 
29th run and the CO2 saturation from neutron logs also began decreasing. These changes are interpreted to be 
associated with the shrinkage of gaseous CO2 zone due to more CO2 dissolution into formation as well as migration 
in the up-dip direction by buoyancy. To confirm this deduction, in-situ fluid sampling was planned as discussed in 
the next section. 
Figure 4 (left) Changes in the resistivity at OB-2 at the depth of 1111 to 1120m and result of FMI. The dark green line shows baseline, the blue 
line shows the 29th run and red line shows final run in track 1. Track2 exhibits FIM image, green sine curves show thin layers or parting. (right) 
Time-lapse change of the resistivity distribution in OB-2.The color scale shows differential value between the baseline and measurements in the 
resistivity. Red, yellow,and green areas show increase, neutral, and decrease , respectively, in resistivity. 
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3.4. In-situ fluid sampling 
To deepen the understanding of meso-scale CO2 migration, in-situ fluid samples were desired. To this end, The 
CHDT (Cased Hole Dynamics Tester) was utilized to collect samples from the observation well OB-2. The CHDT 
can penetrate the casing, measure the reservoir pressure, sample the formation fluids and plug the penetrated hole in 
a single trip [8]. Sampling from three different depths of 1108.6m, 1114m and 1118m was planned and conducted in 
December, 2005. At 1108.6m, well logging indicated no significant change and in-situ fluid was considered in its 
original state. At 1114m, the arrival of CO2 had been confirmed by increase in resistivity, decrease in compressional 
velocity, and decrease in neutron porosity. At 1118m, only resistivity decreased while velocity and neutron porosity 
exhibited no significant changes [9].  
A notable amount of gaseous sample, consisted of 98.8% CO2, was collected from 1114m. It was deduced that 
the changes in logging results were induced by the existence of CO2. The samples from 1108.6m and 1118m 
contained only formation water. Compositional analysis (Table 2) showed that the chemical composition of 
formation water from 1108.6m was similar to that of connate water prior to CO2 injection, which is consistent with 
logging results. As for the sample from 1118m, on the other hand, the concentration of bicarbonate ion increased 
from 374 ppm to 2320 ppm. At this depth, the resistivity of the reservoir decreased by 5.6% (from 4.50 ohm-m to 
4.25 ohm-m). According to Archie’s relation between the resistivities of bulk formation (Rt) and formation water 
(Rw), Rw must have decreased by 5.6%. Initial value of total dissolved solid was about 8000 ppm. Increment of 
bicarbonate ion was equivalent to about 700 ppm of NaCl and was equal to 9% of the initial value. The amount of 
dissolved CO2 was considered to be sufficient to decrease the resistivity of the reservoir. 
3.5. Time-lapse crosswell seismic tomography 
In order to image the distribution of injected CO2, time-lapse crosswell seismic tomography was conducted [࢚
࣮ࣛ! ཧ↷ඖࡀぢࡘ࠿ࡾࡲࡏࢇࠋ].The first observation (BLS; baseline survey) was done 6 months before the 
injection. Monitoring surveys (MS) were conducted 6 times during injection and after the injection. To clarify the 
velocity changes between the baseline survey and the monitoring surveys, velocity difference tomograms were 
created as shown in Figure 5.  The velocity changes in each cell between baseline and monitoring surveys were 
defined as 
velocity difference (%) =(VMS-VBLS)*100/VBLS 
where VBLS is the velocity of the baseline survey tomogram and VMS is the velocity of each monitoring survey 
tomogram. In the vicinity of the injection well IW-1, each difference tomogram shows a velocity decreasing area in 
the aquifer. As increasing the amount of injected CO2, the velocity reduction area expanded the direction selectively 
toward the formation up dip direction. On the other hand, the velocity difference area did not show any changes 
after MS4 (just after the injection ended). From these characteristics observed in the difference tomograms, we 
interpreted the velocity decreasing area as the distribution of injected CO2 within the aquifer. 
Figure 5 Velocity difference tomograms for MS1 (3200 t-CO2 injected), MS2 (6200 t-CO2 injected), MS4 (10400 t-CO2 injected) and MS6 
(2 years and 9 months after the injection ended). 
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4. Migration and containment assessment 
To interpret the observation data that resulted from the various monitoring method applications and assess 
probable distributions of the injected CO2, history matching simulation was carried out repeatedly during the 
injection period and the following three-year monitoring period [11]. The simulation study employed the simulator 
GEM-GHG, which was developed within the RITE/ENAA research program by adding to CMG’s compositional 
simulator the geochemical and geomechanical modules that account for phenomena considered important in long-
term simulation of geological CO2 sequestration. 
Quality of the test over the interval of Zone-3 to 5 was poor but seemed to indicate that their permeability would 
be 1 md or less. Areal heterogeneity of permeability was also largely unknown. Also unknown was kv/kh ratio. 
Although core measurements using water and air were made, laboratory data on relative permeability were regarded 
unreliable, for they appeared unrealistic with Swir greater than 0.8 and krg @ Swir about 0.065 or less. Hence, these 
parameters were varied during the history matching. 
Satisfactory matching of BHP’s and arrival times was obtained. Calculated gas saturation changes with time at 
OB-2 and OB-4 showed some deviations from the observed data that were evaluated based on neutron logs. 
However, the general trend of Sg change, including its gradual decrease after the end of injection, was displayed by 
the simulation results, which was compatible with the observed data. The last history matching run produced good 
match with the observations. The calculated bicarbonate ion concentration exhibited large increase from the initial 
concentration but did not satisfactorily match with the CHDT data. Since simulation with geochemical reactions 
included was time-consuming, no further attempts were made to obtain a better match in this regard by varying 
reaction data. Figure 6 shows the bird’s eye view of gas saturation distribution at the end of injection. The 
distribution of CO2 is consistent with that obtained from crosswell tomography. Note that the southwest half beyond 
the cross-section between OB-2 and OB-4 was removed in the figure. 
Zone-3a
Zone-2
IW-1
OB-4OB-3 OB-2
Updip
Figure 6 Gas saturation distribution at the end of injection. 
Using history-matched model, long-term fate of injected CO2 was predicted with geochemical reactions taken 
into consideration. The results showed large extension of solution CO2 and bicarbonate ion distributions in the 
down-dip direction associated with slow but significant water movement downward. This seems attributable to 
initial low salinity of formation water. The amount of CO2 sequestered in the gaseous state was 77.6 % of the total 
injected but decreased to 41.1 % at 1,000 years after the end of injection. Meanwhile, the amounts of solution CO2
and ionized CO2 (mostly bicarbonate ion) reached 27.9 % and 27.6 %, respectively at 1,000 years. The CO2
sequestered in mineral form was only 3.4 % over the same time period. It is noted, however, that since no measured 
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data were available, reaction constants were all assumed and hence, these numbers can change substantially when 
reaction data are altered. At any rate, the location and size of gaseous CO2 are anticipated to remain almost 
unchanged from those at the end of injection and therefore the injected CO2 is expected to be safely contained in the 
test area over a period as long as 1,000 years. 
5. Concluding remarks 
The monitoring framework consisted of two components: a fundamental component involving monitoring 
techniques and an auxiliary component involving comprehensive analyses. The former included continuous pressure 
and temperature measurements, time-lapse well logging, time-lapse cross-well seismic tomography, in-situ fluid 
sampling, and pressure analyses. These techniques were utilized for assessing the behavior of sequestered CO2; for 
instance, a suite of well logs, consisting of induction, gamma ray, neutron, and sonic, were conducted to detect the 
arrival of CO2 and to estimate the CO2 saturation at the monitoring wells, and cross-well tomography was used for 
imaging the distribution of CO2. As for an auxiliary component, comprehensive analyses were comprised of 
integrated interpretation and flow simulation. In the current case study, the compositional analysis of in-situ fluid 
samples in conjunction with time-lapse well logging played an important role in understanding meso-scale migration 
of CO2. As for macro-scale migration and containment, time-lapse crosswell tomography and simulation studies 
provide remarkable insights into the subject of trapping contributions.  
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